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Abstract
In Norway, a large portion of the building stock originates from the period from 1955 to 1990. Many of these buildings
fail to comply with the current building regulations regarding the energy consumption. In this study, the possibility
for upgrading a hypothetical apartment building with an oil-based heating system has been investigated employing
simulations from the IDA Indoor Climate and Energy software. For the construction of the original building, customs
and regulations from the period 1981-90 were employed, and the building envelope was upgraded to the requirements
of the Norwegian research centre on Zero Emission Buildings. Two alternative heating systems have been investigated:
solar thermal collectors (i) alone and (ii) as combined with borehole thermal storage and a ground-source heat pump.
For each case, the energy consumption, thermal comfort and indoor climate were studied. The simulations predict a
reduction in the total annual heat demand to one third of the original with the upgrading. For the alternative heating
systems, with solar collectors alone the demand for additional electric heating was still considerable, however in the
combined system it was negligible. Regarding thermal comfort, in the upgraded building longer periods with elevated
temperatures were observed.
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1. Introduction
The energy consumption by buildings in the European Union (EU) was in 2004 37% of the total energy
consumption – more than the energy consumption by industry (28%) and transport (32%) [1]. To reduce
the energy use in buildings, the recast Energy Performance of Buildings Directive (EPBD) requires all
the new buildings in the member states to be nearly zero energy buildings (nZEB) by 2020 [2]. nZEB is
deﬁned as a building with a very high energy performance, with the nearly zero or very low amount of
energy required being covered to a very signiﬁcant extent by energy from renewable sources [2]. Regarding
buildings undergoing a major renovation, the upgraded building should meet minimum energy performance
requirements set in the directive in so far as this is technically, functionally and economically feasible [2].
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Major renovation can be deﬁned either such that the total costs are higher than 25% of the value of the
building, or that more than 25 % of the surface of the building envelope undergoes renovation [2].
In Norway, a large portion of the building stock originates from the period from 1955 to 1990: 70%
of total heated building area was built before 1987 [3]. Upgrading Norwegian dwellings to the current
standard holds a potential for reduction in energy use by 30% [4], and upgrading to the passive level enables
reduction to even one third of this [5]. An earlier study by Petersdorﬀ et. al [6] concluded that EPBD will
have a signiﬁcant impact on the CO2 emissions of the European building stock, and that the main saving
potential lies in insulation of the existing building stock. Additional beneﬁts of renovation are improved
living conditions and that the value of buildings is secured for many years in the future [7].
In Norwegian residential buildings, heating is traditionally provided with a central oil boiler or elec-
tricity [8]. A central heating system with hydronic heat distribution is well suited for applying diﬀerent
energy eﬃciency measures as well for utilizing alternative energy sources [9, chap. 6], such as solar ther-
mal collectors or ground-source heat pumps (GHP). While these two systems are often used separately,
their integration to a solar-assisted GHP (SAGHP) system could be particularly attractive for several rea-
sons. Firstly, continuous use of a GHP for heating only may lead to thermal depletion, i.e., reduction of
the ground temperature [10]. Excess solar heat in the summertime can in this case be exploited to recharge
the boreholes and hence to maintain the system performance [11]. Even lower temperatures from the solar
collectors can be utilized to recharge the boreholes during wintertime, when the ground temperature is at
its lowest. Coupling the solar collectors to the boreholes can further help to reduce the required borehole
length, and hence the system costs [12]. The possibility of an integrated SAGHP has been studied widely in
Sweden [11] and elsewhere [12, 10, 13], however so far little in Norway [14].
In the present study, upgrading of an apartment building in Trondheim, Norway from 1988 with an
oil-based heating system has been investigated employing simulations from the IDA Indoor Climate and
Energy (IDA ICE) software [15]. The building envelope was upgraded to the requirements of the Norwegian
research centre on Zero Emission Buildings (ZEB) [16], as the nZEB deﬁnition by EPBD [2] only refers
to cost-optimal insulation thickness. The alternative heating systems that have been investigated are: solar
thermal collectors (i) alone and (ii) as combined with borehole thermal storage and a GHP. Top heating by
electricity was included in the systems. For each case, the energy consumption, thermal comfort and indoor
climate were studied.
2. Simulations
2.1. Building speciﬁcations
The simulated apartment building, shown in Fig. 1, had three ﬂoors, with three 80 m2 apartments in
each ﬂoor and a crawl space, which is kept at the ground surface temperature, underneath. The building was
east-west oriented, and each apartment had a 6 m2 window on the south-facing wall, and a 3 m2 window
on the north-facing wall as is shown in the ﬁgure. In the upgraded building, shading (awning) was added to
the south-facing windows. For the construction of walls, ﬂoor and roof in the original building, data from
a report by Enova [4] for apartment buildings built in 1981-90 was employed. In addition, data from an
apartment building in Trondheim built in 1988 was used to obtain more speciﬁc information on the outer
construction of walls and roof [17]. For the upgraded building, U-values based on the Norwegian ZEB
centre requirements were employed [16]. The speciﬁcations for windows were obtained from [18, 19]. The
construction details and the related U-values for the original and upgraded building are given in Tables 1
and 2, respectively. The internal ﬂoors as well as the walls between apartments were concrete (slab thickness
10 cm).
2.2. Ventilation and hydronic system
For the original building, an exhaust ventilation system was considered. To simulate this, a constant-air
volume (CAV) with a constant supply and return air ﬂow rate was assumed, the supply ﬂow thus representing
leakage through vents and openings in the building envelope. The heating and cooling coil eﬃciencies as
well as the heat exchanger eﬃciency were set to 0. The speciﬁc fan power was 1.0 kW/(m3/s), and fan
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Fig. 1. Schematic of the simulated apartment building.
Table 1. The construction and the respective U-values for diﬀerent components in the original building. For windows, the solar heat
gain coeﬃcient (SHGH) is given as well.
Component Speciﬁcations U-value (W/m2K) SHGH (g-value)
External wall Concrete covered with bricks, 0.29
110mm mineral wool, timber frame,
50mm thermal bridge break
Roof Roof tiles, 170mm mineral wool, 0.20
concrete slab
Floor (towards an unheated basement) Concrete slab, 120mm mineral wool 0.27
Windows Double glass, one coated, air ﬁlled 1.9 0.63
eﬃciency 0.6. The air ﬂow rate was set to 0.5 l/sm2, a value chosen as a compromise between the minimum
requirement of 50% change in the air volume during an hour (in our case 0.36 l/sm2) and a recommended
value of 0.7 l/sm2 [9, chap. 4]. For the upgraded building, likewise a CAV was assumed, but the air ﬂow
rate was increased to 0.6 l/sm2, and the heat exchanger eﬃciency was set to 0.8. The air tightness, n50, was
for the original building set to 1.5 h−1 [9, chap. 5], and for the upgraded building to 0.3 h−1 [16].
The heating is provided to the apartments by water radiators. Radiators with a maximum heating ca-
pacity of 8 kW for the original and 2 kW for the upgraded building were required for each apartment to
maintain the lower temperature set-point (20◦C). As IDA ICE assumes a fully mixed air-ﬂow, the placing
of the radiators was not deﬁned. For the original building, the inlet and outlet temperatures for the radiators
were 90◦C and 70◦C, respectively. For the upgraded heating system, inlet and outlet temperatures of 55◦C
and 35◦C were used, respectively.
The domestic hot water (DHW) use was set to 60 l/person for the original building (considering the use
of a bath) and 36 l/person for the upgraded building (considering only a shower).
2.3. Heating system
In the original heating system, a central oil boiler with an eﬃciency of 0.88 and a common, stratiﬁed
storage tank of 2 m3 were considered. For the solar alone system, planar solar collectors with a total area
of 50 m2 and a storage tank of 4 m3 was considered. The maximum annual solar radiation can be achieved
using a tilt angle approximately equal to the latitude [20]. A tilt angle of 60◦ was hence chosen, a value
Table 2. The construction and the respective U-values for diﬀerent components in the upgraded building.
Component Speciﬁcations U-value (W/m2K) SHGH (g-value)
External wall Concrete covered with bricks, 0.12
280mm mineral wool, timber frame,
50mm thermal bridge break
Roof Roof tiles, 380mm mineral wool, 0.09
concrete slab
Floor (towards an unheated basement) Concrete slab, 300mm mineral wool 0.11
Windows Triple glass, two coated, argon ﬁlled 0.75 0.52
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close to the latitude of Trondheim (63.4◦). For the combined system, the solar collector area was reduced to
36 m2 and tank size back to 2 m3. Six boreholes with a depth of 200 m each were considered, together with
a NIBE Fighter 1110-8.5 brine to water HP with a total heating capacity of 10.3 kW and a COP of 4.3 at the
rating conditions. The GHP was used only for heating. The solar collectors, heat pump and the electric top
heating were all coupled to the same stratiﬁed storage tank, from which both zone heating and DHW were
extracted.
3. Results and discussion
3.1. Energy use
Monthly heat demand is shown in Fig. 2 for both the original and the upgraded building. After the
upgrading, the total annual heat demand becomes only one third of the original – total annual heat demand
was 195 kWh/m2 for the original building and 63 kWh/m2 for the upgraded building – resulting from the
increased insulation and reduction in the DHW use. The contribution of the heat recovered by the air
handling unit was also signiﬁcant. The share of DHW of the total energy use was 47% for the original
building and 85% for the upgraded building.
Fig. 2. The monthly energy use for (a) the original and (b) the upgraded building.
Fig. 3 presents the monthly energy use for the alternative heating systems: solar collectors (i) alone
and (ii) as combined with borehole thermal storage and a GHP (Figs. 3(a) and (b), respectively). In these
graphs, the collected solar and ground heat is included, and in Fig. 3(a) also the required electric top heating
is shown. For the ﬁrst alternative, there is a clear mismatch in heat production, particularly during the winter
months, which is then covered by the electric top heating. This is not the case for the combined system,
where the demand for electric top heating was negligible (not shown). It has to be pointed out that the heat
collected with the solar collectors/GHP as shown in Fig. 3 is not necessarily equal to the heat utilized from
these sources for the given period.
In the case of the solar only system, surprisingly high electric top heating is required, especially during
the coldest months. This is probably related to losses in the storage tank. The electric heater is coupled to
the top part of the tank, and switched on and oﬀ irregularly according to the demand. The variation in tank
temperature was high both temporally and spatially, leading to high losses. The heat pump is coupled to the
lower part of the tank, and delivers heat on a more stable rate than the electric top heating. In the case of the
combined system the tank temperatures were hence more stable, and losses lower.
3.2. Thermal comfort and air quality
To evaluate the thermal comfort, indoor temperatures were studied for the warmest and coldest days
of the year. In Figs. 4(a) and (b), the operative temperatures for the warmest summer day and coldest
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Fig. 3. The monthly energy use and heat production with (a) solar collectors alone and (b) as combined with a ground source heat
pump.
winter day are plotted for the warmest apartment (ﬁrst ﬂoor, in the middle) and the coldest apartment (third
ﬂoor, in the corner) in the building, respectively, for both the original and the upgraded building. Outdoor
temperatures are included in the plots for reference. On the cold winter day (Fig. 4(b)), the temperature is
only slightly higher in the upgraded building. On the other hand, to maintain the required temperature in
the original building, very high radiator temperatures are required, which might aﬀect the indoor air quality
as a result of burned dust. On the hot summer day (Fig. 4(a)), the temperature is above the comfort limit
(27◦C) for both buildings. In the upgraded building the indoor temperature is less sensitive to changes in the
outdoor temperature due to the higher thermal mass, leading to longer periods with elevated temperatures.
The percentage of hours when the operative temperature was above 27◦C in an average zone was 5% (18
days) for the original building and 8% (29 days) for the upgraded building. This was considered acceptable
regarding Norwegian habits, hence no cooling (active or passive) was simulated. It has to be noted that
windows were assumed to be kept closed all the time; in a real building, this would not be the case, and
hence the number of hours with elevated temperatures would be lower.
Fig. 4. Operative temperatures (a) over a warm summer day in the warmest apartment (zone 2: ﬁrst ﬂoor, in the middle) and (b) over a
cold winter day in the coldest apartment (zone 9: third ﬂoor, in the corner) for the original (solid line) and the upgraded (dashed line)
building. Outdoor temperatures are included for both days (dotted line). (c) CO2 levels for the same zones and days as in (a) and (b).
In Fig. 4(c), the CO2 levels are additionally plotted for the same days and zones as presented in Figs. 4(a)
and (b). The CO2 levels drop in the middle of the day when the occupants are absent. Lower CO2 levels
are observed in both the zones of the upgraded building with respect to the original building as a result of
better ventilation, however the levels are below threshold (1000 ppm) also in the original building. The
fan electricity use was approximately 2.4 times the original in the upgraded building. As the beneﬁts of an
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increased air ﬂow rate are not so clear in this case, the use of a demand control ventilation system instead of
a CAV should be analysed.
4. Conclusions
In this paper a case study on upgrading a hypothetical apartment building from 1988 in Trondheim,
Norway, to the Norwegian ZEB standards, is presented. The original building had an oil-based central
heating system, and for this two alternatives were considered: solar collectors alone and as combined with
borehole thermal storage and a GHP. The investigation was performed using simulations from the IDA ICE
software. The results show a reduction in the total annual heat load to one third with the upgrading of the
building envelope to the Norwegian ZEB standards. For the alternative heating systems, the demand for
additional electric heating was considerable in the solar only system, but negligible in the combined system.
Furthermore, higher storage tank losses were observed in the solar only system due to higher temporal
and spatial variation in the tank temperatures. Regarding thermal comfort, in the upgraded building longer
periods with elevated temperatures were observed.
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